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Abstract 
We have investigated the coarsening mechanism of intergranular Cr-rich M2B borides after 
creep and annealing at 850°C for approximately 3000 hours in a polycrystalline nickel-based 
superalloy. Borides were found to be coarser after creep, with measured thicknesses in the 
range of 800-1100nm, compared to borides annealed in the absence of external applied load 
(400-600nm). The borides had a thickness of 100-200nm before exposure at 850°C. 
Transmission electron microscopy revealed that coarsened borides have either the tetragonal 
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I4/mcm structure, or the orthorhombic Fddd, with those two structures coexisting in a single 
particle. The presence of a very high density of planar faults is systematically observed within 
the coarsened borides. The faults were correlated with chemical fluctuations of B and Cr, 
revealed by atom probe tomography. Our results allow us to suggest that borides coarsen by 
an epitaxy-like mechanism. In addition, partitioning of Ni and Co was observed at 
dislocations within the borides after creep providing insights into the deformation of borides. 
Consequences of coarsened intergranular borides on the creep performance of polycrystalline 
superalloys are discussed. 
Keywords 
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1. Introduction 
Even as a minor elemental addition in both nickel- and cobalt-based superalloys, boron has 
major consequences on their microstructure and mechanical performance [1,2]. It is well 
documented that boron is typically found at grain boundaries, either segregated as an element 
in solid solution [3,4] or in the form of various borides, such as M2B, M5B3 or M3B2 [2,5–
10]. In the former case, it was suggested that interfacial boron increases the strength and 
cohesion of the grain boundary [11,12], thereby contributing to an overall ductility 
enhancement. However, in the latter case, borides have a contradicting character. In some 
cases, borides were found to be beneficial to the mechanical performance under creep 
conditions [13–15], whereas in other cases they act as dislocations sources that facilitate 
micro-crack initiation and micro-twinning under creep [1,16–18].  
Many studies focused mainly on the composition of borides prior to deformation [5,9,19,20] 
or after creep of the alloy [15]. Yet, they do not provide insights into the microstructural 
evolution of intergranular borides, such as coarsening or dissolution, when subjected to 
thermal exposure with or without applied load. In addition, the deformation behavior of 
borides under creep at the near-atomic level has not yet been explored. Thus, a deeper 
understanding of the microstructural evolution and deformation behavior of the borides under 
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creep is required to evaluate their role on the mechanical performance of polycrystalline 
superalloys.  
Recent investigations detailing the deformation behavior of γ′ precipitates in Ni-based 
superalloys, have revealed interactions of solutes with crystal defects such as dislocations, 
stacking faults, microtwins or extended stacking faults within the γ′ precipitates leading to 
microstructural and chemical alterations [21–31]. In particular, it was shown that solutes, 
such as rhenium, chromium, molybdenum and cobalt are enriched at dislocations within the 
γ′ precipitates in nickel-based superalloys deformed at various temperatures [21,24,32–34]. 
This partitioning at crystal defects leads to microstructural and chemical alterations through 
what we referred to as the plasticity-assisted redistribution of interacting solutes (PARIS) 
mechanism in Ref. [35] that contributes to the deformation of γ′ precipitates.  
However, similar studies on the interactions of solutes with crystal defects in other 
compounds, such as carbides, oxides and borides have not been considered so far. In this 
study, the polycrystalline nickel-based superalloy STAL15-CC was crept at 850°C under 
185MPa load up to fracture (time to fracture approximately 3000 hours). We investigated the 
microstructural evolution of the intergranular Cr-rich M2B borides after deformation at 
850°C. Scanning electron microscopy shows clear coarsening of the intergranular borides, 
while transmission electron microscopy reveals a high density of faulted planes within the 
coarsened borides. Atom probe tomography provides insights into the nature of solutes that 
segregate at crystal defects, faulted planes and dislocations, in the borides. In order to 
determine a possible role of the external applied stress on coarsening, samples of STAL15-
CC were statically annealed at 850°C, i.e. in the absence of any externally applied load, for 
an equivalent time to the creep rupture time (i.e. 3000 hours). In this case borides were also 
observed to coarsen, and display a highly faulted structure. 
Our findings allow us to investigate the coarsening behavior under thermal exposure at 
850°C, as well as the deformation, with a focus on the interaction between solutes and defects 
occurring in these precipitates. This provides new insights into the microstructural evolution 
of borides and hence improves the current understanding of borides and their role on the 
mechanical performance of polycrystalline superalloys. Based on the mechanistic 
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understanding we propose herein, accurate modelling and simulations can be designed, 
leading to a mathematical model of the microstructural evolution and influence on creep 
properties, which are beyond the scope of this particular study. 
 
2. Materials and methods 
The polycrystalline nickel-based STAL15-CC superalloy used in this study has a nominal 
composition of Ni-16.50Cr-5.50Co-0.60Mo-1.20W-10.00Al-2.40Ta-0.02Hf-0.5C-0.05B-
0.01Zr (at.%). Following vacuum investment casting, specimens were hot isostatically 
pressed at 1150°C for 5 h under a pressure of 175 MPa to minimize internal casting porosity. 
This was followed by a solution heat-treatment at 1120°C for 4 h, air cooled, and further 
aging heat treated at 845°C for 24 h followed by air cooling. Creep specimens were machined 
from fully heat-treated bars, with a gauge length of 25mm and tested at 850°C under 185 
MPa load up to fracture, the creep curve is provided in Figure S1 of the supplementary 
materials. Samples from fully heat-treated bars were annealed at 850°C for 3000 hours, and 
air-cooled. The annealing time was selected based on the corresponding creep rupture time 
for creep at 850°C and 185 MPa, which was approximately 3000 hours. Hereafter this sample 
is referred to simply as annealed.  
The crept specimens were cut along the load axis and then polished with abrasive media 
down to 0.04μm colloidal silica surface finish. Same surface preparation was followed for 
the annealed samples. Backscattered electron (BSE) micrographs were recorded on a Zeiss 
Merlin scanning electron microscope (SEM) at an accelerating voltage of 20 kV and a probe 
current of 2 nA.  
Specimens for transmission electron microscopy (TEM) were prepared from both crept and 
annealed samples using a FEI Helios Nanolab G4 CX focused ion beam system (FIB) 
operated at 30 kV. Low, 5 kV ion beam cleaning was applied for 2 minutes to each side of 
the TEM lamella in order to remove FIB beam damage. TEM imaging and diffraction were 
performed using a FEI Tecnai Supertwin F20 operated at 200 kV and equipped with a high 
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angle annular dark-field (HAADF) detector. Atomic resolution image simulations were 
calculated using the MacTempas software [36]. 
Atom probe tomography (APT) specimens were prepared using a dual beam SEM/FIB 
instrument (FEI Helios Nanolab 600) via a site-specific lift-out protocol and mounted on a 
Si coupon [37]. APT measurements were carried out on a Cameca LEAPTM 5000 HR 
operated in laser pulsing mode at a pulse repetition rate of 125 kHz and a pulse energy of 55 
pJ. The base temperature was set to 60K and the detection rate was maintained at 15 ions 
every 1000 pulses. Data analyses were performed using the IVAS 3.8.2 software package.  
3. Results 
3.1. Coarsening of borides under creep and annealing at 850°C 
Figure 1 shows intergranular borides in the STAL15-CC alloy in different microstructural 
states. Figure 1a shows a grain boundary after full heat treatment. The grain size is 
approximately 750 µm, and a γ′ volume fraction of 51.8% is calculated in this alloy by the lever 
rule (see Figure S2 in the supplementary material) [38]. Although the lever rule applies in 
the case of dual-phase γ/γ′ microstructures, the amount of grain boundary precipitates in the 
present alloy is believed to be negligible and therefore not influence much the calculation of 
the γ′ volume fraction, especially for the heat-treated state considered for the calculation. The 
dark contrast Cr-rich borides can be more clearly seen in the close-up in Figure 1b, alongside 
MC carbides and large grain boundary γ′ precipitates [2,15]. As shown in Figure 1b the 
borides are rather small. Measurements performed on 145 borides in the heat-treated 
condition led to an average size of 210±80 nm.  Results on this alloy’s heat-treated state can 
be found in the literature [2,14,15]. 
Figure 1c shows a grain boundary and the borides after creep at 850°C, revealing 
microstructural alterations. In particular, the size of the borides has increased substantially, 
to 1060±340 nm (measurements performed on 74 borides). In order to separate the 
contributions of the deformation and that of the heat treatment seen by the sample during the 
creep test, a sample annealed at 850°C for 3000 hours was studied. The intergranular borides 
in that sample were also found to coarsen as in the case of the crept sample. Although the 
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borides from the annealed sample are coarser compared to those in the heat-treated condition, 
with an average size of 720±290 nm (105 borides measured), they are still thinner compared 
to those after creep deformation. Note that Figures 1a, 1c and 1d are taken at the same 
magnification to make the extent of coarsening of the borides readily apparent, and that 
details of the size distribution are provided in supplementary materials as histograms.  
 
Figure 1: Backscattered electron micrographs of STAL15-CC alloy: a-b) after full heat 
treatment, c) after creep deformation at 850°C under 185 MPa load up to fracture and d) 
after static annealing at 850°C for 3000 hours. 
3.2. Structural information of coarsened borides at 850°C 
In order to understand the coarsening mechanism of the intergranular borides at elevated 
temperatures, TEM samples with coarsened borides were investigated for both crept and 
annealed conditions. Figure 2a shows a HAADF image from a grain boundary of the crept 
sample. Note that the TEM specimen was prepared parallel to the grain boundary. The matrix 
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γ and γ′ precipitates are evidenced, along with several precipitates. Grain boundary borides, 
identified by their diffraction patterns, are adjacent to each other, and contain planar features. 
MC carbides are also identified (see green arrow in Figure 2a). Some of the large borides 
were characterized in more details. A TEM bright field image at higher magnification of an 
M2B boride, indicated by the red box in Figure 2a, is shown in Figure 2b. The diffraction 
pattern collected from this boride is shown as an inset in Figure 2b, and corresponds to a 
[111] zone axis of the tetragonal I4/mcm structure, with lattice parameters a=0.52 nm and 
c=0.43 nm, as reported in the literature [8,39,40]. One can note that this diffraction pattern is 
very close to that of a [001] zone axis of the Fddd orthorhombic structure of M2B, as some 
dhkl distances are only 0.02 Å apart. Elongated streaks are visible, which indicate the 
signature of stacking faults in the {110} planes [41,42]. A high resolution TEM image of 
boride of Figure 2b is given in Figure 2c, evidencing more clearly the {110} faulted planes 
obtained after creep deformation at 850°C, in good agreement with the literature [8,39,40]. 
Finally, a dislocation (the image is rotated compared to Figure 2c to bring the (1-10) planes 
horizontal) is evidenced in Figure 2d, with an extended strain field. Its Burgers vector was 
partly determined following the Burgers circuit of Figure 2e, leading to a vector ±1/2[1-11], 
the slip plane being (10-1).  
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Figure 2: TEM analysis of an intergranular M2B boride from the crept sample at 850°C. (a) 
TEM HAADF image of the sample showing several intergranular M2B borides (see red 
arrows for instance) and an MC carbide (green arrow) along the grain boundary. (b) TEM 
bright field image of the boride denoted by the blue box in Figure 2a alongside with its 
diffraction pattern. (c) High resolution TEM image showing details of the stacking faults in 
the boride from Figure 2b. (d) Image of a dislocation in the boride and (e) corresponding 
Burgers circuit.  
The investigation of another coarsened boride from the crept sample is summarized in Figure 
3. Once again, the boride contains a high density of faulted planes. Its diffraction pattern can 
be indexed with the orthorhombic structure Fddd, with lattice parameters a=0.42 nm, b=0.73 
nm and c=1.46 nm. The diffraction pattern given in the inset of Figure 3a shows streaks 
suggesting that the stacking faults are in the {002} planes. The high resolution TEM image 
in Figure 3b along with the provided modelling of the Fddd structure shows indeed the 
stacking of {200} planes, with a fault. However, some of the planar features observed in the 
boride of Figure 3a may also correspond to a change in the crystallographic structure, as 
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shown in Figure 3c. The high-resolution TEM image of this area, from the boride shown in 
Figure 3a, clearly shows the two structures, Fddd and I4/mcm, successively stacked on top 
of each other, with the relationship [110]Fddd // [001]I4/mcm.  
Overall, the faulted planes in the borides can be identified as normal stacking faults, twins 
(not detailed here, for more information see [8]) or a change of the crystallographic structure, 
with all these possibilities coexisting in a single precipitate. 
 
Figure 3: TEM analysis of an intergranular M2B boride from the crept sample at 850°C. (a) 
TEM bright field image of the boride along with its diffraction pattern. (b) High resolution 
TEM image of the boride in (a) showing details of the stacking faults in the boride, along 
with image simulation. In the superimposed structure, Cr atoms are in pink and B atoms in 
orange. The white dots correspond to B columns (defocus -56 nm, thickness 20nm). (c) High 
resolution TEM image of the boride in (a) showing two M2B structures, Fddd and I4/mcm 
stacked on top of each other.  
In the case of the annealed sample at 850°C for 3000 hours (without applying any external 
stress), similar observations were performed within the coarsened borides. Figure 4a is an 
HAADF image of a TEM sample taken along a grain boundary containing coarsened M2B 
borides. Figure 4b clearly shows that coarsened borides within the annealed sample are 
heavily faulted and these stacking faults within the M2B borides are not the result of 
deformation under external load. A diffraction pattern taken from the boride in Figure 4b 
allows to characterize a M2B boride exhibiting the Fddd crystal structure in [110] zone axis, 
and the streaks in the diffraction pattern (in the same zone axis than the boride of Figure 3) 
also characterize faults in the {002} planes, evidenced in Figure 4c. Some dislocations are 
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also visible inside the matrix, in the vicinity of the coarsened boride (see green triangles in 
Figure 3b).  
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Figure 4: TEM analysis of an intergranular M2B boride from the sample annealed for 3000 
hrs at 850°C without load. (a) Schematic of the GB lift-out and TEM HAADF image of the 
lamella, showing precipitates along the grain boundary (orange dashed rectangle). (b) TEM 
HAADF image of the area denoted by the blue box in Figure 4a, showing a higher 
magnification of a boride, and the corresponding diffraction pattern. Green arrows point at 
dislocations in the neighboring γ matrix. (c) High resolution TEM image of the faulted planes 
of the borides in (b). 
 
3.3. Interactions of solutes with crystal defects in borides 
APT specimens were prepared from both crept and annealed specimens, aiming to investigate 
interactions of solutes with the stacking faults taking place during the coarsening of the 
borides.  
Figure 5a shows an APT reconstruction from a coarsened intergranular boride from the crept 
sample at 850°C. A 2D density map of Cr in Figure 5b, corresponding to the area denoted by 
the rectangle in Figure 5a, reveals the presence of compositional variations along planes that 
cross the entire boride. These variations are likely associated with the presence of the planar 
faults observed by TEM. Due to the angle between the planes and the needle-shaped 
specimen’s evaporation axis Z, the possibility that these planes correspond to a field 
evaporation artefact can be disregarded.  
A 1D composition profile was extracted from an elliptic cylindrical region of interest taken 
along the arrow #1 in Figure 5b, is shown in Figure 5c. Composition fluctuation of Cr and B 
can be seen, where Cr decreases in regions where B increases. In particular, five B-rich 
regions were identified, with B enrichment varying from region to region between 25.0 and 
28.0 at.%. The lower B-content characterized here compared to the expected stoichiometry 
of M2B can be explained by the detector dead-time, and was already reported for boron [43], 
similarly to results on nitrogen, oxygen and carbon [44,45]. Besides the enrichment of B on 
planar features, segregation at dislocations was also observed: tubular features, which 
correspond to elemental segregation at dislocations, also appear within the APT 
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reconstruction in Figure 5a. Figure 5d shows a 1D composition profile across a dislocation. 
The 1D composition profile was extracted from a cylindrical region of interest perpendicular 
to the dislocation indicated by the arrow #2 in Figure 5a. An enrichment of Ni and Co at the 
dislocation core up to approximately 6.1 and 2.4 at.% is revealed, respectively. A concurrent 
depletion of B and Cr was also observed as shown in Figure 5d.  
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Figure 5: APT analysis of an intergranular M2B boride from the crept sample at 850°C. (a) 
Atom probe reconstruction from the boride containing dislocations highlighted by iso-
composition surfaces of 0.8 at.% Ni. (b) 2D density map for Cr from the box in Figure 5a. 
(c) 1D concentration profile across the B-rich planes indicated by the arrow #1 in Figure 
5b. The B-rich planes are highlighted by a blue background area. (d) 1D composition profile 
across the dislocation in Figure 5a, along the arrow #2, showing an increase of Ni and Co 
at the dislocation core. Error bars are shown as lines filled with color and correspond to the 
2σ counting error. 
In order to unambiguously reveal the interactions of solutes with the stacking faults and 
dislocation in borides, we have collected additional APT data. Figure 6a shows a second APT 
3D-reconstruction from a coarsened intergranular boride from the crept sample.  
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Figure 6: APT analysis of an intergranular M2B boride from the crept sample at 850°C. (a) 
Atom probe reconstruction from the boride. Dislocations, highlighted by iso-composition 
surfaces of 1.0 at.% Ni., are denoted by red arrows. (b) Magnified view of the APT 
reconstruction from the rectangle 1 in Figure 6a, with a 2D concentration map plotted across 
a dislocation for Ni. (c) 1D concentration profiles across the dislocation indicated by the red 
arrow in Figure 6b. Error bars are shown as lines filled with color and correspond to the 2σ 
counting error. 
Similar Ni- and Co-rich dislocations as those reported in Figure 5 are observed. In this case, 
the dislocations appear to be in two different crystallographic planes, however this needs to 
be confirmed by further TEM investigations. Figure 6b shows a close-up on the region-of-
interest indicated by the rectangle #1 in Figure 6a. A 2D composition map is plotted for Ni 
across the dislocation revealing two maxima and suggesting that this dislocation is a pair of 
dislocations within the boride. A composition profile is extracted from an elliptical cylinder 
region of interest perpendicular to the dislocation, along the red arrow #1 (Figure 6b), and is 
displayed in Figure 6c. It confirms that two distinct dislocations are observed, enriched in Ni 
and Co, as for the dislocation in Figure 5, with contents up to 4.4 at.% and 2.6 at.%, 
respectively. Boron and chromium seem again to be depleted at the dislocation core.  
B-rich planes are also evidenced in this dataset, as indicated in the 2D compositional map 
provided in Figure 7a, corresponding to the box denoted as #2 in Figure 6a. A 1D 
composition profile perpendicular to these planes (arrow #1 in Figure 6a) is plotted in Figure 
7b for B and Cr, and in Figure 7c for W and Mo. It can be seen that Cr and B fluctuate with 
opposite trends, as already shown in Figure 5c. Mostly, a large decrease in the Cr composition 
from 70 down to 68.5 at.% is visualized at about 9 nm, accompanied by a B enrichment up 
to 28.1 at.% (from about 26 at.%). Besides Cr and B fluctuations across the stacking faults, 
compositional variations of W and Mo were also observed as shown in Figure 7c. Although 
the B-rich planes do not clearly overlap with variations of W and Mo, as highlighted by the 
absence of relationship between the W/Mo composition profiles and the blue areas in Figure 
7c corresponding to the B-rich planes, such fluctuations within a heavily faulted 
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microstructure need to be considered. Even more clear fluctuations of W and Mo are shown 
below in a different sample and will be discussed in section 4.1 in detail.  
 
Figure 7: (a) Magnified view of the APT reconstruction from the rectangle #2 in Figure 6a, 
superimposed with a 2D concentration map for Cr. (b) and (c) 1D concentration profiles 
across the B-rich planes indicated by the arrow #1 in Figure 7a for B and Cr and for W and 
Mo, respectively. The B-rich planes are highlighted by a blue background area. Error bars 
are shown as lines filled with colour and correspond to the 2σ counting error. 
 
APT analysis was also performed for intergranular coarsened borides from the annealed 
sample at 850°C containing stacking faults. Figure 8a shows an APT reconstruction 
containing a boride and its interface with the γ matrix. Planar fluctuations of Cr are observed 
as shown in the 2D compositional map in Figure 8b, extracted from the region indicated by 
the black dashed box in Figure 8a. A 1D-composition profile across the planar compositional 
variations as denoted by the arrow #1 in Figure 8a, is plotted in Figure 8c. As in the crept 
sample, B-rich planes (highlighted by a blue background) are also observed within the boride 
of the annealed sample, with Cr fluctuations being the opposite than B fluctuations.  
In addition, the composition profile for W and Mo across the B-rich planes is given in Figure 
8d, and evidences an increase in W from 1.2 to 1.6 at.% and in Mo from 0.5 to 0.8 at.%. 
Besides, similarly to Figure 7c, Mo and W display similar variations, meaning that both 
increase or decrease at the same time. The blue background areas corresponding to the Cr 
and B fluctuations are provided in Figure 8d for comparison with the fluctuations of W and 
Mo, and show that the fluctuations of B/Cr and W/Mo do not coincide. Species-specific field 
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evaporation conditions could lead to variations in the spatial resolutions and an associated 
blurring of the compositional peaks [46], however, the low composition of these species in 
this case makes this possibility rather unlikely. Thus, in the case of W and Mo, compositional 
fluctuations do not appear correlated to B/Cr planar features. 
Finally, in Figure 8e, a composition profile as a function of the distance to an iso-composition 
surface with a threshold of 10 at.% Ni (i.e. proximity histogram or proxigram) was plotted 
across the interface between M2B and γ, see arrow #2 in Figure 8a [47]. It clearly shows that 
the composition in W and in Mo is higher in the matrix than in the boride, and that an 
enrichment of Mo is observed at the interface.  
 
Figure 8: APT analysis of an intergranular M2B boride from the annealed sample at 850°C. 
(a) Atom probe reconstruction from the boride and its interface with the γ matrix. The 
interface is shown with an iso-composition surface at 10 at.% Ni. (b) 2D concentration map 
for Cr corresponding to the black dashed boxed region in 8a. (c) and (d) 1D concentration 
profiles along the yellow arrow #1 in 8a for W and Mo and for Cr and B respectively. (e) 
Proxigram showing the W and Mo composition at the M2B and γ interface (arrow #2 in 
Figure 8a). Error bars are shown as lines filled with colour and correspond to the 2σ 
counting error.  
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4. Discussion 
The present study investigates the coarsening behavior of intergranular borides in a 
polycrystalline Ni-based superalloy during creep deformation at 850°C, using primarily TEM 
and APT. In order to separate the effects of temperature and load, samples annealed at 850°C 
without any external applied load and for a similar duration were also investigated. Based on 
the experimental observations, the discussion will be first focused on the coarsening 
mechanism of the borides. Their deformation will be treated next. Finally, the consequence 
of the coarsening of borides on the mechanical properties will be discussed. 
4.1. Coarsening mechanism of borides at elevated temperatures 
Comparison of the borides present in the initial heat-treated microstructure to those observed 
after creep or in the annealed sample in Figure 1 reveals that extensive coarsening of the 
borides occurred. APT analyses evidenced planar compositional fluctuations for W and Mo 
in both the crept and the annealed samples. In the analyzed borides, the average W and Mo 
compositions are about 1.0±0.04 at.% and 0.6±0.04 at.%, respectively. Within the planar 
fluctuations, W and Mo concentrations are measured to increase up to approximately 1.6 at.% 
and 0.8 at.% (Figure 7c and 8d), respectively. Interestingly, the compositions of W and Mo 
vary in a synchronous manner as they either both increase or decrease together. These 
fluctuations, as well as the proxigram given in Figure 8e, suggest that W and Mo are 
segregated away from the coarsened boride.  
The compositional variations could thus be attributed to the growth of the boride, and are 
illustrated by a schematic in Figure 9 for W, considering that a similar behavior is expected 
in the case of Mo. As the boride grows, W is segregated away and diffuses outwards, towards 
the matrix (Figure 9a). Yet, considering the slow diffusion of W, it is possible that the rate 
of boride coarsening is faster than the diffusion rate of W. Therefore, repelled W piles up at 
the interface between the boride and the matrix (Figure 9b), up to a point when the coarsening 
is faster than the W diffusion. As a consequence, some amount of W is integrated in the 
newly grown boride and forms layers (Figure 9c), as shown by APT in Figures 7c and 8d. 
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Finally, as the boride keeps coarsening, the pattern repeats itself (Figure 9d and 9e). This 
suggests that the W/Mo dense planes are perpendicular to the growth direction, which 
matches the APT results of Figure 8a, showing W/Mo planes observed parallel to the M2B/γ 
interface. 
 
Figure 9: Schematic illustration of the proposed sequence of the interaction between W/Mo 
(represented as black circles), the boride and the matrix, during the coarsening of M2B 
boride.  
Then, one can note that W/Mo-rich planes are also parallel to the characterized B-rich planes 
evidenced by APT analyses, which seem to extend across the analyzed APT volume. Cr 
typically fluctuates between 70 and 71 ± 0.17 at.%, with maxima at 72 at.% and minima at 
69 at.%, and B fluctuates between 26  and 27.5 ± 0.17 at.%, with minima at 25.5 at% and 
maxima at 28 at.%. Besides, the Cr fluctuations show an opposite trend to the B fluctuations. 
The fluctuations of W/Mo on one hand and Cr/B on the other hand, although observed in 
parallel planes, do not happen at the same place, suggesting that they are not correlated.  
The numerous B-rich planes are likely to be correlated to the high density of faulted planes 
in the coarsened M2B borides. Although the formation of deformation induced stacking faults 
in MB-type borides has been previously reported [48], based on the present results, it seems 
that the present planar faults are not mechanically induced, since they are also observed in 
the case of the annealed sample, with no external load.  
The coarsened borides exhibit a tetragonal structure with space group I4/mcm or an 
orthorhombic one with space group Fddd. They are always heavily faulted, with stacking 
faults in their {110} planes (tetragonal structure) or in their {002} planes (orthorhombic 
structure). Such faults have been reported before [8,9,39,40], and some can be related to the 
intergrowth of the two structures, tetragonal and orthorhombic, for which two possible 
orientation relationships have been reported:  [001]tetragonal//[100]orthorhombic and 
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(110)tetragonal//(001)orthorhombic (or normal intergrowth) on one side, and 
[001]tetragonal//[110]orthorhombic and (110)tetragonal//(001)orthorhombic (or twin-mediated intergrowth) 
on the other side [8,40].  The case of intergrowth of these two structures is indeed observed 
in the present case (figure 3). As mentioned by Goldfarb et al. [39], the two structures are 
actually very close, since only a slight adjustment of B atoms lying on the {110} atomic 
planes is needed to transform the Cr2B structure from I4/mcm to Fddd. Besides, they share 
the same building polyhedron, as evidenced by Hu et al. [8].  
A hypothesis would thus be that the B fluctuations are correlated to the planar faults or 
structural changes in the {110}I4/mcm planes or the {002}Fddd planes characterized by TEM. 
Considering that B-rich planes are parallel to W/Mo rich planes, it could be suggested that 
the borides coarsen along the <110> direction (tetragonal structure) or along the <001> 
direction (M2B Fddd), following an epitaxy-like mechanism of {110}I4/mcm and {002}Fddd 
planes stacking on top of each other. The high density of faults would then be a consequence 
of growth defects, with mistakes in the stacking sequence that lead to the introduction of a 
fault or of another structure, that extend across the whole precipitate. 
The intergrowth of tetragonal and orthorhombic M2B is expected to be neutral from a 
composition point of view. Published electron energy loss spectroscopy (EELS) 
measurements reported a homogeneous distribution of B and Cr across the faults [40], but 
the length over which the composition was measured by EELS is very large (600 nm), and 
this would not have been able to resolve the small, local variations that APT was able to 
unveil in this study, in the range of about ten nm and of a few at.%. A hypothesis to explain 
the compositional changes, becoming off-stoichiometry, could be that the stacking of the 
building polyhedron leads to the local formation to another phase with different 
stoichiometry, such as M5B3 or M3B2. Intergrowth of these last two structures has been 
reported before, and the M5B3 structure contains building polyhedron of M2B [49]. Moreover, 
layers of M2B in M5B3 have been observed [49]. However, such intergrowth occurs in the 
tetragonal <001> direction, which is not what is observed here. Besides, HRTEM could not 
evidence the presence of M5B3 or M3B2 in the present case. Another possibility would be that 
there is occasionally a loss of symmetry of the Fddd structure, that would accommodate non-
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stoichiometric compositions, as observed in M2B borides of Co-Re-Cr superalloys [50]. 
Reaching locally such non-stoichiometric states, possibly influencing the crystal structure, 
may be due to different diffusion rates between Cr and B, leading to lesser available amounts 
of one of the solutes with respect to the other. However, in order to fully interpret the complex 
compositional fluctuations of B and Cr that are reported here for the first time, more 
systematic structural and compositional investigations are required, particularly in the early 
stages of coarsening of the borides.  
With the hypothesis that the B/Cr fluctuations are related to a possible structural change, the 
W and Mo solubility could be higher in one of the structure/phases, leading to a better 
integration in one of the structures, and to the W/Mo compositional variations. Similarly, 
increased composition of W/Mo at the interface could lead to the formation of another 
structure, that would be more tolerant to W and Mo. However, in such cases, fluctuations 
would correlate between the B-rich planes and the W/Mo variations, which is not the case. 
Therefore, it is believed that W and Mo fluctuations are only related to the diffusion of these 
solutes from the boride towards the matrix and not to the crystal structure. 
Overall, based on the experimental APT results in this study, a boride coarsening process that 
occurs via epitaxial layer-by-layer mechanism is proposed. Crystallographic stacking is 
expected to happen in the {110}I4/mcm and {002}Fddd planes. This stacking produces planar 
faults that extend through the whole boride, as well as enables intergrowth of the two 
structures. Such faults are believed to be related to planar compositional variations in B and 
Cr. During the growth, W and Mo are also repelled out of the borides, but due to a low 
diffusion rate, with small amounts incorporated in the structure, following a pattern described 
in Figure 9. Our SEM observations clearly shows that the coarsening of the boride is 
enhanced by the externally applied stress, as the borides are larger in the crept sample than 
in the annealed one. A possible explanation could be related to the higher amounts of Cr at 
grain boundary regions brought by the dislocations following the pipe diffusion mechanism 
[25]. However, further investigation is required in order to understand the coarsening rate of 
the borides, and to fully relate the B/Cr fluctuations to the faulted planes.     
4.2. Insights on the deformation of the borides under creep 
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An evidence of the presence of dislocations in a boride after creep is given in Figure 2g and 
2h. The APT analyses also evidenced the presence of dislocations in the crept samples. The 
results presented here come from two different datasets obtained from samples from different 
locations, allowing us to suggest that it is not an isolated observation. In both cases, 
dislocations seem to follow two possible directions, with one single dislocation that may 
consists of several segments pertaining to the two directions. As depicted in Figures 5d and 
6c, some dislocations seem to go by pairs, whereas some others are evidenced as single 
dislocations.  
Imaging dislocations in the APT datasets is enabled by the partitioning of Ni and Co at the 
dislocations, with compositions as high as approximately 4 at.% and 2 at.%, respectively, 
which is substantial considering their base compositions are below 0.2 at.% for Ni and 0.5 
at.% for Co. An extended core, as the one characterized by TEM in Figures 2g and 2h, could 
also accommodate large amounts of solutes. Segregation of solutes at defects, such as 
dislocations, is driven by the minimization of the system’s free energy. This can lead to either 
conventional Cottrell- or Suzuki-type decoration or even to spatially confined linear 
chemical-structural transformation states [51,52]. Both effects can be seen as akin to a 
partitioning phenomenon between the boride matrix and the defect and hence depend on the 
composition of the borides as well as of the surrounding phases in contact with the 
dislocations [21]. In both cases reported here, Ni and Co partition to the dislocations, while 
the concentrations of those two solutes within the borides are low, especially compared to 
their concentration in the γ matrix (see [15]). Therefore, it is suggested that the observed 
solutes segregated at the dislocations’ cores have most likely moved along the dislocations 
line connected to the matrix via pipe diffusion rather than having been collected during the 
dislocation glide inside the boride.  
One could argue that some of the observed dislocations are related to the misfit between the 
structures involved in the coarsening. However, no dislocations were observed by APT in 
the annealed sample to confirm such a scenario, and stacking of tetragonal and orthorhombic 
M2B has been reported to lead to coherent interfaces, without lattice misfit dislocations [8].  
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Therefore, the present results rather suggest that the observed features are deformation-
induced dislocations. Significant plasticity in borides deformed in the same temperature 
range has also been observed and interpreted by the nature of chemical bonding [53]. 
 
4.3.Impact of borides coarsening and deformation on the superalloy properties 
Based on the results, borides seem to be able to deform plastically, and their dislocations 
cores are enriched in Ni and Co. This suggests that the local stresses built up on the interfaces 
during creep can be released by the plastic deformation of boride particles, which could 
improve the creep resistance. It also suggests that chemical interactions with the surrounding 
matrix occur, by leaching Ni and Co. However, high-temperature annealing and, to a further 
extent, high-temperature creep, lead to coarsening of the boride, affecting the microstructural 
stability of the grain boundaries during creep. The coarsening rate may be the thus be a life 
limiting parameter for the superalloy. Agglomeration of borides at grain boundaries forming 
a continuous film can potentially act as crack initiation sites, particularly at grain boundaries 
transverse to the applied stress during creep. This particular alloy has indeed been shown to 
be very sensitive to grain boundary cracking, and so the coarsening of borides may limit the 
creep properties of the alloy, in spite of the γ/γ' microstructure, with conventional  γ' volume 
fraction, displaying traditionally good creep resistance [2,14,15,54]. This is similar to what 
was shown before in the case of intergranular M23C6 carbides in superalloys [55]. The 
continuous coarsening will leach elements from the surrounding matrix such as Cr, but also 
Ni and Co that diffuse towards the dislocations cores, leading to chemical and microstructural 
destabilization, and changes in γ/γ’ equilibrium. It has been previously shown that in the case 
of STAL15-CC alloy at the vicinity of coarsened borides there is a region depleted of γ' 
precipitates [15]. Hence, the combination of a continuous film of borides at grain boundaries 
with regions depleted of γ' precipitates can potentially facilitate the formation of micro 
cracks. It becomes apparent that precipitation of secondary grain boundary particles, their 
coarsening rate and their deformation requires careful attention in order to design advanced 
polycrystalline superalloys.  
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5. Conclusions 
The behavior of intergranular Cr-rich M2B borides under creep and annealing was studied 
for the polycrystalline nickel-based superalloy STAL15-CC, in order to better understand the 
behavior of these precipitates, and how they affect the overall properties of the material. The 
following conclusions can be drawn:   
• Borides were found to coarsen during creep deformation at 850°C after 
approximately 3000 h and during static annealing at 850°C for 3000 h. Borides are 
coarser after creep compared to after annealing.  
• M2B borides are characterized, with tetragonal I4/mcm or orthorhombic Fddd 
structure. The coarsened borides display a high density of stacking faults in the {110} 
planes (tetragonal structure) or in the {002} planes (orthorhombic). Intergrowth of 
both structures is also reported.  
• Planar fluctuations of W and Mo are observed within the borides. Due to a lower 
solubility in the borides, these elements are expected to be repelled out as the borides 
coarsen. However, due to their slow diffusion compared to the high coarsening rate 
of the boride, some of the W/Mo that could not diffuse away still get incorporated.  
• Planar fluctuations of B and Cr were characterized by APT. It is proposed that they 
are related to the observed planar faults or to the structural changes due to the 
intergrowth, which led us to propose a coarsening mechanism for borides as follow: 
coarsening proceeds following an epitaxy-like mechanism, with stacking in the 
{110}I4/mcm and {002}Fddd planes, leading to a very complex structure made of several 
faults and intergrown tetragonal ad orthorhombic M2B. 
• Borides display plastic deformation and dislocations are evidenced by TEM. 
Enrichment of Ni and Co solutes up to 6.1 and 2.4 at.%, respectively, was measured 
by APT at the dislocations within the borides of the crept sample. The solute 
segregation at the dislocation is believed to be pumped out of the surrounding matrix, 
leading to an alteration of the latter’s composition.  
The present findings emphasize that borides take an active place in the evolution of 
superalloys during annealing or creep. Their coarsening behavior is rationalized by a layer-
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by-layer mechanism. Their growth and the first insights on their plasticity evolve solute 
transfer, of Cr that is the main component of the borides, but also of Ni and Co that appear 
to be incorporated in the borides, as Cottrell atmospheres at dislocations. Such effects will 
likely have consequences on the overall evolution of the grain boundary structure during 
creep, and a better understanding of these local mechanisms will allow to improve design 
strategies of such safety critical materials.  
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